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SIGNAL PROCESSING METHOD AND APPARATUS 
FOR ENSURING A DESIRED RELATIONSHIP BETWEEN SIGNALS 

5 Field of the Invention 

The present invention relates generally to electronic circuits, and more particularly to 
synchronization techniques and other signal processing techniques suitable for use in applications 
involving the transfer of data between circuits which operate with signals having an unknown or 
indeterminate relationship, e.g., an unknown or indeterminate phase relationship. 

10 

Background of the Invention 

In many electronic circuit applications, data signals from one device need to be delivered to 
lQ another device. For example, data signals from a particular chip in an application-specific integrated 
2ft circuit (ASIC) may be delivered via appropriate interconnects to another chip in the same ASIC. 
=Cl5 In order to reduce the number of inter-chip interconnects required in such an application, it is not 
m uncommon for a set of data lines from one chip to be at least partially serialized before being 
w delivered over the interconnects to the other chip. The function is performed by a circuit known as 
0 a serializer. 

2 In operation, a serializer in the first chip takes a set of output data lines, e.g., a set of 1 6 data 

^20 lines, and generates an output requiring a reduced set of data lines, e.g., a set of four data lines, by 
ij| at least partially serializing the data, e.g., converting the output data from a 16-line parallel 
arrangement to a 4-line parallel arrangement. A corresponding deserializer in the second chip 
receives the serialized data, and converts it back to its original parallel format. A first chip clock 
signal is also typically delivered from the first chip to the second chip for use in the deserialization 
25 process. The data may then be processed in the parallel format in the second chip, using a clock 
signal associated with the second chip. 

A problem that arises in the above-described serialization and deserialization process is that, 
although the clock signals of the first and second chips typically have the same frequency, the phase 
relationship between these clock signals is usually unknown, i.e., the clock signals are asynchronous. 
30 This can lead to other significant problems, such as violation of minimum setup and hold times in 
the second chip, or metastability. It is therefore generally necessary to synchronize the deserialized 
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data stream with a known clock signal phase, such that the deserialized stream can be properly 
processed in the second chip. One approach to providing this synchronization is a clock recovery 
technique in which the data is used as an input to a phase-locked loop (PLL) which recovers an 
appropriately-timed system clock. Unfortunately, this approach may not be suitable for applications 
5 in which a large number of synchronous clocks need to be provided in the second chip. 

Another synchronization approach involves oversampling the incoming data with multiphase 
clocks from a PLL. However, this approach is also unsuitable for use in certain applications, in that 
it typically requires a custom PLL which may not be desirable to include in the chip. Yet another 
conventional approach is that described in P. Plaza et al., "A 2.5 Gb/s ATM Switch Chip Set," IEEE 
10 Transactions on Very Large Scale Integration (VLSI) Systems, Vol. 4, No. 3, pp. 405-415, 
September 1 996, which eliminates the phase difference by asynchronously writing each of the output 
iy data lines from the deserializer to a corresponding FIFO buffer, and then reading out the data using 
^ a common system clock. The drawbacks of this approach are than it generally introduces a 
=B significant amount of latency, and may also significantly increases circuit cost and complexity. 
y|5 A need therefore exists for improved signal processing techniques suitable for use in 

^ applications involving the transfer of data between asynchronously-clocked chips or other types of 
0 circuits, devices and systems. 

W Summary of the Invention 

ij20 The invention in an illustrative embodiment provides improved synchronization techniques 

for use in transferring data between asynchronously-clocked chips, and in numerous other 
synchronization applications. In accordance with the invention, a given signal, e.g., a receive data 
clock associated with a first chip and generated by a deserializer circuit, is synchronized with another 
signal, e.g., a clock signal from a second chip which is asynchronous with the receive data clock. 
25 The synchronization is performed in the illustrative embodiment in a synchronization circuit which 
includes first, second and third processing circuits, each of which performs a sampling function on 
a corresponding one of an early version, a middle version and a late version of the given signal, 
utilizing the clock signal to which the given signal is to be synchronized. A logic circuit coupled 
to outputs of each of the first, second and third processing circuits generates a control signal 
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indicative of the presence or absence of a desired phase relationship between the clock signal and 
the first, second and third versions of the given signal. A selection circuit, e.g., a set of multiplexers, 
is responsive to the control signal to alter the phase relationship between the clock signal and the 
first, second and third versions of the given signal if the control signal indicates the absence of the 
5 desired phase relationship. The logic and selection circuits may be part of a feedback control loop 
which automatically maintains the desired phase relationship. 

The middle version of the given signal to be synchronized in the illustrative embodiment 
corresponds generally to the early version delayed by a first amount of time, and the late version 
corresponds to the middle version delayed by a second amount of time. The first and second 
1 0 amounts of time are generally substantially the same, such that the middle version of the given signal 
= . has a transition edge which is located approximately midway between a corresponding transition 
iO edge in the early and late versions. This configuration allows the early and late versions to serve as 
^ "feelers" for detecting phase-related problems, e.g., violation of setup and hold times or 
=F metastability, such that appropriate phase adjustments may be made before the problems affect 
?J|5 transferred data associated with the middle version. 

^ Each of the first, second and third processing circuits in the above-noted embodiment may 

P be configured to include a series-connected set of flip-flops, with each of the flip-flops in a given 
series-connected set of flip-flops clocked by the particular clock signal to which the given signal is 
4f to be synchronized. The sampling function in this case corresponds to clocking the respective first, 
y320 second and third versions of the given signal through the corresponding series-connected set of flip- 
flops. The logic circuit receives an output signal from each of the series-connected sets of flip-flops, 
and generates the control signal based on whether or not the output signals have the same logic value 
within a designated sample window. The logic circuit may include, e.g., a decision logic block for 
determining the presence or absence of the desired phase relationship based on the outputs of the sets 
25 of flip-flops, and a multi-bit counter circuit which is incremented or decremented when the decision 
logic block determines that the desired phase relationship is absent, such that the above-noted control 
signal corresponds to an output of the counter circuit. As another example, a one-bit counter, e.g., 
a set-reset latch, may be used in place of the multi-bit counter, such that the control signal is 
implemented as a one-bit binary signal. 
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Advantageously, a synchronization circuit configured in accordance with the invention 
allows the transfer of data between asynchronously-clocked chips, without the need for custom 
PLLs, multi-FIFO buffers or other complex and problematic arrangements typical of conventional 
approaches. Although particularly well-suited for use in synchronization applications in which data 
is subject to a serialization and deserialization process, the techniques of the invention can provide 
similar advantages in a wide variety of other signal processing applications. For example, the 
techniques of the invention can be used to ensure desired relationships between other signal 
characteristics, such as frequency or voltage amplitude. These and other features and advantages of 
the present invention will become more apparent from the accompanying drawings and the following 
detailed description. 

Brief Description of the Drawings 

FIG. 1 is a generalized block diagram of a circuit suitable for use as a synchronizer in 
accordance with an illustrative embodiment of the invention. 

FIG. 2 illustrates a chip interconnect application which includes a synchronizer. 

FIG. 3 shows an illustrative embodiment of a synchronizer suitable for use in the chip 
interconnect application of FIG. 2. 

FIGS. 4 and 5 are timing diagrams illustrating the operation of the FIG. 3 synchronizer. 

FIGS. 6 and 7 show other illustrative embodiments of synchronizers in accordance with the 
invention. 

FIG. 8 is a timing diagram illustrating the operation of the FIG. 7 synchronizer. 
FIG. 9A shows another illustrative embodiment of a synchronizer in accordance with the 
invention. 

FIG. 9B is a timing diagram illustrating the relationship between various signals used in the 
FIG. 9A synchronizer. 

FIG. 10A shows another illustrative embodiment of a synchronizer in accordance with the 
invention. 

FIG. 1 OB is a timing diagram illustrating the relationship between various signals used in the 
FIG. 10A synchronizer. 
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FIG. 1 1 is a more detailed schematic diagram of an exemplary synchronizer in accordance 
with the invention. 

FIG. 12 is a timing diagram illustrating the operation of the FIG. 1 1 synchronizer. 

Detailed Description of the Invention 

The present invention will be illustrated herein using exemplary synchronization circuits. 
It should be understood, however, that the invention is more generally suitable for use in any signal 
processing application involving an electronic circuit, device or system in which it is desirable to 
provide improved performance in terms of avoiding clocking-related problems such as violation of 
setup and hold times or metastability, or to otherwise ensure a particular relationship between signal 
characteristics such as phase, frequency, voltage amplitude, etc. 

FIG. 1 is a generalized block diagram of a circuit 10 in accordance with an illustrative 
embodiment of the invention. The circuit 10 may be used as a synchronizer circuit, in a manner to 
be described in greater detail below, as well as in other applications. In the circuit 10, an input data 
signal is separated into three portions, each of which is applied to a corresponding delay element 1 2- 
1, 12-2 or 12-3. Each of the three portions of the input data signal is subject to one of three different 
amounts of delay, i.e., delay elements 12-1, 12-2 and 12-3 provide designated amounts of delay 
corresponding to x, 2x and 3x, respectively. The outputs of the delay elements 12-1, 12-2 and 12-3 
are applied to corresponding processing functions 14-1, 14-2 and 14-3, respectively, which are 
clocked by a core clock 18. 

The processing functions 14-1, 14-2 and 14-3 are designed such that their outputs represent 
an early version, a middle version, and a late version, respectively, of the input data signal, each 
having a different phase. Each of these versions is applied to a comparator 16, which determines the 
relationship between the versions. An output of the comparator is applied as a control input to each 
of the functions 14-1, 14-2 and 14-3, such that adjustments may be made in the phase relationship 
between the versions to ensure that the middle version will always have a desired phase, i.e., will 
always correspond to properly-timed data. The early and later versions thus serve as "feelers" which 
can indicate the presence of potential clocking-related timing problems, such as a data transition 
edge being too close to a clock edge. Such a problem is first detected by the early or late version of 
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the data signal, and the output of the comparator 1 6 makes appropriate adjustments in the generation 
of and relationship between the early, middle and late versions so as to ensure that the middle 
version is not affected by the problem. 

The delay elements 12-1, 12-2 and 12-3 of FIG. 1 are an example of a delay circuit in 
accordance with the invention. Such a circuit is intended to include any arrangement of circuitry 
suitable for generating early, middle and late versions of a given signal. It should be noted that the 
early version of the signal may, but need not, correspond to an undelayed version of the signal. A 
"delay circuit" as the term is used herein may apply a delay only for a subset of the early, middle and 
late versions. The processing functions 14-1, 14-2 and 14-3 are examples of "processing circuits" 
in accordance with the invention. Other examples of such processing circuits include the sets of flip- 
flops 104, 106 and 108 to be described in detail below. Although the processing functions 14-1,14- 
2 and 14-3 in this embodiment incorporate a selection function based on a control signal generated 
by the comparator 16, such a function may be considered as separate from the "processing circuit" 
operations of elements 14-1, 14-2 and 14-3. 

It will be apparent to those skilled in the art that the circuit 1 0 of FIG. 1 , although particularly 
well suited for use as a synchronizer circuit, may be modified in a straightforward manner to ensure 
the presence of another type of desired relationship, such as a particular relationship between signal 
frequency or signal voltage amplitude. 

FIG. 2 shows a portion of an integrated circuit device 20 which includes a synchronizer 
circuit 25 based on the techniques described in conjunction with FIG. 1 . The circuit 20 includes two 
chips, designated chip A and chip B, which are connected by an inter-chip interconnect 21. Only 
portions of chip A and chip B are shown in FIG. 2. The portion of chip A shown includes a 
serializer 22 which receives as inputs a parallel arrangement of 16 data lines, also collectively 
designated herein as Data[0-15], and a clock line. The output of the serializer 22 is a partially- 
serialized set of four data lines, and a so-called bundle clock, also designated herein as CK bund]e . 
These outputs are applied via inter-chip interconnect 21 to a deserializer 24 of chip B. 

The deserializer 24 processes the partially-serialized data lines to generate a 16 data line 
output and a corresponding clock, both of which are applied to the synchronizer circuit 25. The 
synchronizer circuit 25 re-synchronizes the 16 lines of data with the chip B core clock, and delivers 
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the synchronized data to a core 26 of chip B. The core 26 processes the received data in conjunction 
with the chip B core clock. The chip B core clock and the clock at the input of the synchronizer 
circuit 25 in this embodiment have the same frequency but different phases. Using the techniques 
of the invention, the synchronizer circuit 25 adjusts the received data to account for this difference 
in clock phase. The operation of various illustrative embodiments of the synchronizer circuit 25 will 
be described in detail below with reference to FIGS. 3 through 11. 

FIG. 3 shows an illustrative embodiment of a synchronizer 25 suitable for use in the chip 
interconnect application of FIG. 2. A receive data clock, denoted Rx_data_clk, is assumed in this 
embodiment to be 256 MHz, although other values could of course be used. The receive data clock 
corresponds generally to the clock supplied from the deserializer 24 of FIG. 2. This receive data 
clock is divided by 4, using well-known divider circuitry not shown in FIG. 3, to provided a 64 MHz 
clock signal, denoted Rx_data_clk/4, having the same period as a given data bit, i.e., a given cycle 
of Rx_data_clk/4 spends the same time duration high or low as a data bit. It is also assumed that 
all data are synchronous with each other and approximately synchronous to Rxdataclk /4. 
Appropriate buffering may be used to ensure that this assumption is satisfied. It is further assumed 
that all signals have comparable rise and fall times, i.e., each data or clock signal must have 
transitions substantially as fast as those of the fastest signal used in the synchronizer circuit. This 
ensures that valid data is obtained and avoids unexpected metastability problems. 

The 16-line data input Data[0-15] from deserializer 24 of FIG. 2 is applied to a data input of 
a bank of flip-flops Dl, D2 and D3 connected in series. Unless otherwise specified, it is assumed 
the term "flip-flop" as used in conjunction with the description of the illustrative embodiments refers 
to a D-type flip-flop, although the invention could of course be utilized with other types of flip-flops. 
The flip-flops Dl, D2 and D3 are clocked by the above-noted Rx_data_clk. The timing diagram of 
FIG. 4 shows the relationship between the Data[0-15] input and Rx_data_clk, Rx_data_clk/2 and 
Rx_data_clk/4 signals. 

Based on the value of a control signal applied to a select signal input of a multiplexer 1 00- 1 , 
an amount of delay equivalent to either 0, 1, 2 or 3 flip-flop delays is applied to the Data[0-15] 
signal, i.e., the Data[0-15] signal from one of the four inputs of the multiplexer 100-1 is selected. 
The phase of the delayed Data[0-15] signal is then further adjusted using a pair of fine delay 
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elements 102-1 and 102-2, and the resulting Data[0-15] signal is clocked through a flip-flop D4 
using the local system core clock, referred to as SYS128_clk, which is assumed to be a 128 MHz 
clock signal in this embodiment. SYS128_clk corresponds generally to the chip B core clock of 
FIG. 2, and element D4 may be considered part of the chip B core 26 of FIG. 2. The fine delay 
5 elements 102-1 and 102-2 could be implemented using, e.g., a particular number of series-connected 
inverters, or other suitable arrangements of well-known circuitry. 

The Rx_data_clk I A signal is applied as a data input to a set of three flip-flops D5, D6 and 
D7. Each of the flip-flops D5, D6 and D7 is clocked by the Rx_data_clk signal, which has a known 
phase relationship with respect to the Rx_data_clk I A signal. This in effect creates different delayed 
1 0 versions of the Rx_data_clk I A signal. The relationship between the Rx_data_clk/4 and the delayed 
versions thereof is shown in the FIG. 4 timing diagram. The output of the flip-flops D5, D6 and D7 
kg corresponds to the original Rx_data_clk/4 signal delayed by 6, 25 and 36, respectively, where 6 is 
H an amount of delay substantially equivalent to one-half period of the Rx_data_clk signal, as 
45 indicated in FIG. 4. The original Rx_data_clk/4 signal and the three delayed versions thereof are 
[fjl5 applied as inputs to a multiplexer 100-2. Based on the value of the above-noted control signal 
m applied to a select signal input of the multiplexer 1 00-2, a particular one of the four inputs of the 
O multiplexer 100-2 is selected. 

n The selected version of the Rx_data_clk/4 signal is applied directly to a data input of a first 

set of flip-flops 104. The selected version is also passed through fine delay element 102-3 before 

=£120 being applied to a data input of a second set of flip-flops 1 06, and is then passed through another fine 
delay element 102-4 before being applied to a data input of a third set of flip-flops 108. The fine 
delay elements 102-3 and 102-4, like elements 102-1 and 102-2, may be implemented using 
inverters. The particular versions of the selected Rx_data_clk/4 signal applied to the first, second 
and third sets of flip-flops 1 04, 1 06 and 1 08 are referred to herein as early, middle and late versions, 
25 respectively. The relationship between the early, middle and late versions is as previously described 
in conjunction with FIG. 1. Each of the flip-flops in the sets of flip-flops 104, 106 and 108 are 
clocked by SYS128_clk, the local system clock, which has an unknown phase relationship with the 
Rx_data_clk I A clock signal. 
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The outputs of the sets of flip-flops 104, 106 and 108 are applied to a decision logic block 
110 which determines whether a transition edge in the particular delayed version of the 
Rx_data_clk/4 signal selected by the multiplexer 100-2 is too near a transition edge of the local 
SYS128_clk signal. If a transition edge in the selected version of the Rx_data_clk/4 signal is too 
5 close to a SYS128_clk transition edge, problems such as setup or hold time violations or 
metastability may result. Since the same control signal used in multiplexer 100-2 to select a 
particular delayed version of the Rx_data_clk/4 signal is also used in multiplexer 100-1 to select a 
particular delayed version of the Data[0-1 5] signal, and since the transitions in the Data[0-1 5] signal 
are synchronous with the transitions in the Rx_data_clk/4 signal, an indication that a transition edge 
10 of the selected version of the Rx_data_clk/4 signal is too close to a transition edge of the local 
_ system clock SYS128_clk will also indicate that the selected version of the Data[0-15] may not be 
,£j properly clocked through the flip-flop D4. 

Jff The decision logic block 110 detects errors in clocking the Rx_data_clk/4 signals through 

=p the sets of flip-flops 104, 106 and 108 by determining whether or not the particular outputs of each 
iri5 set of flip-flops are in agreement. This process is illustrated in the timing diagram of FIG. 5. The 
^ sample window used by the decision logic block 1 10 is about two times the amount of fine delay 
Q provided by a given one of the fine delay elements 102-3 and 102-4, assuming that both provide 
r? substantially the same amount of delay. In other words, it is assumed in the embodiments described 
W herein that the middle version is midway between the early and late versions, although this is not a 
i.o20 requirement of the invention. 

Case A in FIG. 5 shows an example of an unstable clocking situation in which the selected 
version of the Rx_data_clk/4 signal is too close to a transition edge of the SYS128_clk signal. In 
this case, the output of the set of flip-flops 104 processing the early version is a logic "1," but the 
outputs of the sets of flip-flops 106 and 108 processing the middle and late versions, respectively, 
25 are indeterminate, i.e., a logic " 1 " or a logic "0", and a logic "0", respectively. The sets of flip-flops 
104, 106 and 108 are therefore not in agreement as to the proper output, and this situation is 
recognized by the decision logic block 110. The decision logic block 110 then directs a two-bit 
counter 1 12 to increment or decrement by one, thereby adjusting the control signal, and causing a 
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different delayed version of the Data[0-15] and Rx_data_clk/4 signals to be selected by the 
respective multiplexers 100-1 and 100-2. 

This process of adjusting the transition edge position of the Rx_data_clk/4 signal by selecting 
a different delayed version of that signal continues until the outputs of the sets of flip-flops 104, 106 
and 108 are all in agreement. Case B in FIG. 5 shows an example of a stable clocking situation, in 
which all three of the early, middle and late versions of a given selected version of the Rx_data_clk/4 
signal produce the same result, i.e., a logic "1" at the outputs of their respective sets of flip-flops 104, 
106 and 108. 

The particular number of flip-flops in a given one of the sets of flip-flops 104, 106 and 108 
may very depending upon factors such as the acceptable Mean Time Between Failure (MTBF) and 
the acceptable latency. The use of four flip-flops in each of the sets 104, 106 and 108 in the FIG. 
3 embodiment is for purposes of illustration only, and not intended to indicate a preferred number 
of flip-flops for any particular application. In general, it is desirable to have a number of cascaded 
flip-flops in order to ensure that any metastability is resolved before it reaches the decision logic 
block. However, it should be noted that increasing the number of flip-flops in the sets of flip-flops 
will affect the latency, e.g., how quick the synchronizer operates after initialization or reacts after 
a synchronization error. A certain amount of initial latency may be deemed acceptable, e.g., if it is 
assumed that there will be no valid data for a designated number of clock cycles after an 
initialization of the system clocks. It is believed that the worst case data path latency through the 
synchronizer 25 of FIG. 3 after a stable clocking state is established is on the order of about one 128 
MHz clock cycle. 

It is assumed in the illustrative embodiments described herein that the two clocks which are 
being synchronized have the same frequency and are relatively stable, i.e., will not fluctuate widely 
with respect to each other over a few clock cycles. If the clocks vary slowly with respect to each 
other, i.e., due to temperature variations or the like, the synchronizer 25 will dynamically track the 
incoming data clock to the local system clock. As previously noted, this tracking operation of the 
synchronizer does not happen instantaneously, but generally requires a few clock cycles, the exact 
number being determined primarily by the number of cascaded flip-flops in the sets of flip-flops in 
a given embodiment. 

10 
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FIG. 6 shows another illustrative embodiment of synchronizer 25 in accordance with the 
invention. The operation of this embodiment is substantially the same as the FIG. 3 embodiment, 
except that the multiplexers 100-1 and 100-2 in the FIG. 6 embodiment select one of two possible 
versions of the respective Data[0-15] and Rx_data_clk/4 signals, rather than one of four as in the 
5 FIG. 3 embodiment. The FIG. 6 embodiment therefore includes a one-bit counter 114 rather than 
a two-bit counter, and flip-flops D2, D3, D6 and D7 are eliminated. Although this embodiment 
results in a substantially reduced gate count relative to the FIG. 3 embodiment, the degree of phase 
adjustability is also reduced, i.e., from a total possible adjustment of 36 to a total possible adjustment 
of 6. 

10 FIG. 7 shows another illustrative embodiment of synchronizer 25 in accordance with the 

invention. The operation of the FIG. 7 embodiment is basically similar to that of the FIG. 6 

W 

■.Q embodiment, except that instead of delaying the Rx_data_clk/4 signal by varying amounts, the local 
n system clock SYS 1 28_clk is delayed by varying amounts to produce early, middle and late versions 
=p thereof. The undelayed, early version of the SYS128_clk and its complement is used to clock the 
j==15 Rx_data_clk/4 signal through flip-flops D12 and D13, respectively. The middle and late versions 
W of the SYS128_clk are generated by clocking SYS128_clk through flip-flops D8 and D9, 
Q respectively, using a 5 1 2 MHz system clock referred to as S YS5 1 2_clk. It should be noted that the 
jj' SYS512_clk has a known phase relationship with the SYS128_clk, i.e., is synchronous with the 
W SYS 128 elk. The middle and late versions of the SYS 128_clk and their respective complements 
yj20 are then used to clock the Rx_data_clk/4 signal through respective flip-flop pairs D 1 4, D 1 5 and D 1 6, 
D17. 

The control signal generated by the one-bit counter 114 is applied as a select signal to 
multiplexers 120-1, 120-2, 120-3 and 120-4. The multiplexer 120-1 selects a version of the Data[0- 
15] signal from either flip-flop D10 or flip-flop Dll. The multiplexers 120-2, 120-3 and 120-4 
25 select one of two different delayed versions of each of the respective early, late and middle versions 
of the Rx_data_clk/4 signal from the pairs of flip-flops D12, D13, D14, D15 and D16, D17, 
respectively. 

As in the previous embodiments, the decision logic block 110 detects the output values 
generated by the three sets of flip-flops 104, 106 and 108, and determines if the current phase 
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relationship between the Rxdataclk I A and the SYS 1 28_clk is stable, i.e., yielding the same output 
value for the early, middle and late versions. If all three outputs of the sets of flip-flops 1 04, 1 06 and 
108 are in agreement, the currently-selected timing should also be proper for reading the current 
version of the Data[0-15] signal at the output of the multiplexer 120-1. 



violation or metastability arising from the currently-selected timing. This case is illustrated in the 
timing diagram of FIG. 8, which shows an example of the Rx_data_clk/4 signal and the early, 
middle and late versions of the SYS128_clk signal. The sample window in this embodiment, i.e., 
the phase difference between the early and late versions, is one full cycle of the SYS5 12_clk signal. 
10 In other words, each of the flip-flops D8 and D9 delays the SYS128_clk signal by one-half period 
of the SYS5 12_clk signal. It can be seen that the timing relationship selected in the FIG. 8 example 

% leads to inconsistent outputs for the sets of flip-flops 104, 106 and 108. More particularly, set 104 
utilizing the early version of SYS128_clk produces a logic "0" output, set 106 utilizing the middle 

Jr version produces an indeterminate output, and set 1 08 utilizing the late version produces a logic " 1 " 

;}!jl5 output. 

m In the event that the currently-selected timing produces outputs which are not in agreement, 

q e.g., as in the example of FIG. 8, the decision logic block 110 toggles the one-bit counter 1 14 such 
W that the Rx_data_clk/4 phase is effectively shifted by one-half period of the SYS 1 28_clk signal. As 
U in the previous embodiments, the synchronizer 25 of FIG. 7 dynamically tracks changes in phase, 



/X20 e.g., if the Rx_data_clk and local system clock SYS 1 28_clk start to drift with respect to each other 
such that the decision logic block 110 detects errors, the synchronizer 25 will automatically switch 
to a stable clocking point. 

An advantage of the FIG. 7 embodiment is that the delay elements for generating the middle 
and late versions of the Rx_data_clk/4 signal are flip-flops D8 and D9 clocked off the SYS5 12_clk 
25 signal, rather than delay lines or inverters. As such, a greater degree of control over the delay is 
provided, and the delay is less susceptible to variations in temperature, voltage and process 
parameters. Furthermore, making the delay a function of clock frequency in this manner allows the 
design to be used at lower or higher frequencies without the need for any changes in the delay 
elements. 
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FIG. 9 A shows another illustrative embodiment of synchronizer 25 in accordance with the 
invention. A corresponding timing diagram is shown in FIG. 9B. In this embodiment, the 
Rx_data_clk/2 signal is passed through a set of three coarse delay elements 130-1, 130-2 and 130-3. 
The original Rx_data_clk/2 signal and the three delayed versions thereof are applied to inputs of a 
5 multiplexer 132. A particular one of the versions of the Rx_data_clk/2 signal is selected by 
multiplexer 1 32, in accordance with a signal supplied from the two-bit counter 112, and corresponds 
to an early version of the selected Rx_data_clk/2 signal. Middle and late versions of the 
Rx_data_clk/2 signal are generated by passing the early version through respective fine delay 
elements 134-1 and 134-2. 
10 The early, middle and late versions of the Rx_data_clk/2 signal are applied to clock inputs 

of flip-flops D18, D19 and D20, respectively. The data inputs of the D18, D19 and D20 flip-flops 
% are each driven by the Rx_data_clk/4 signal, and the corresponding outputs are applied to the 
W respective sets of flip-flops 104, 106 and 108, respectively. As in the previous embodiments, the 
£; decision logic block 110 checks for agreement between the outputs of the sets of flip-flops 1 04, 1 06 
~ifl5 and 108, and if necessary increments or decrements the two-bit counter 112 such that a different 
K version of the Rx_data_clk/2 signal is selected by the multiplexer 132. The middle version of the 
p selected Rx_data_clk/2 signal is also used to clock the Data[0- 1 5] signal through the flip-flop D2 1 . 
ff The SYS 1 28_clk signal is used to clock the Data[0- 1 5 ] signal from the output of D2 1 through the 
W flip-flop D22. 

i?20 FIG. 1 OA shows another illustrative embodiment of the synchronizer 25 in accordance with 

the invention. A corresponding timing diagram is shown in FIG. 10B. In this embodiment, the 
Rx_data_clk/4 signal is applied to the data inputs of each of six flip-flops in a set of flip-flops 140. 
The Rx_data_clk/4 signal is applied undelayed to inputs of two of the six flip-flops 140, and is 
applied as delayed by delay elements 102-3 and 102-4 to inputs of the remaining two pairs of the six 
25 flip-flops 140. A given one of the flip-flops in the set 140 is clocked with either the SYS128_clk 
signal or its complement, as shown. The Data[0-15] signal is clocked through flip-flop D23 by the 
SYS128_clk signal, and through flip-flop D24 by the complement of the SYS128_clk signal. A 
control signal from a set/reset device 146, e.g., a set/reset flip-flop, is applied to multiplexers 142-1, 
142-2, 142-3 and 142-4, and used to select one of two different versions of the respective early, 
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middle or late Rx_data_clk/4 signal and the Data[0-1 5] signal. The operation of the sets of flip-flops 
1 04, 1 06 and 1 08, the decision logic block 110, and the one-bit counter 1 1 4 are previously described. 

FIG. 1 1 is a more detailed schematic diagram of another illustrative embodiment of the 
synchronizer 25 in accordance with the invention. This embodiment is an alternative 
5 implementation of the FIG. 7 embodiment. Early, middle and late versions of the SYS128_clk are 
generated at the outputs of the flip-flops D25, D8 and D9, respectively. The Rx_data_clk/4 signal 
is applied to the data inputs of each of the flip-flops in the set of flip-flops 150. These flip-flops 
correspond generally to flip-flops D 1 2 through D 1 7 of FIG. 7 . The Rx_data_clk/4 signal is clocked 
through each of the flip-flops 150 using the corresponding version of the SYS128_clk or its 
10 complement. Multiplexers 120-1, 120-2, 120-3 and 120-4 operate as previously described in 
conjunction with FIG. 7, selecting a given clocked version of each of the Data[0-15] signal and the 
fft early, middle and late versions of the Rx_data_clk/4 signal. The selected early, middle and late 
i=y versions are applied to the respective sets of flip-flops 104, 106 and 108, which in this particular 
4= embodiment each include two flip-flops clocked by the early version of the SYS128_clk signal, 
jjj 5 The timing diagram of FIG. 1 2 shows the relationship between the SYS 1 28_clk signal, the 

W SYS512_clk signal, the Rx_data_clk/4 signal, and the early, middle and late versions of the 
G SYS128_clk signal. The sample window in this case is again one cycle of the SYS512_clk signal, 
rf Also as in the FIG. 7 embodiment, the outputs of the sets of flip-flops 104, 106 and 108 are 
W processed by the decision logic block 110, and a one-bit counter 114 generates a control signal which 
uni20 varies depending upon whether or not the outputs of the sets of flip-flops 104, 106 and 108 are in 
agreement. The FIG. 12 timing diagram illustrates a case in which the sets of flip-flops 104, 106 and 
108 generate outputs which are not in agreement, i.e., a logic "0" at the output of the set 104, an 
indeterminate output at the output of set 106, and a logic "1" at the output of the set 108. When such 
a situation arises, the control signal is toggled, such that the multiplexers 120-1, 120-2, 120-3 and 
25 1 20-4 select a different phase relationship, thereby ensuring that the Data[0- 1 5] signal is properly 
clocked through the flip-flop D26. In this embodiment, the phase relationship is adjusted by one- 
half of a cycle of the SYS128_clk signal. 

As previously noted, the sets of flip-flops 104, 106 and 108 in the FIG. 1 1 embodiment are 
clocked by the early version of the SYS 128_clk, as generated by flip-flop D25, rather than directly 
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by the SYS 128_clk itself. This was to avoid any unequal spacing between the early, middle and late 
versions attributable to skew between the SYS 1 28_clk and the S YS5 1 2_clk, and any resulting setup 
or hold time violations or metastability problems, particularly in the set of flip-flops 108 
corresponding to the late version. As shown in FIG. 11, the SYS128_clk is sampled with the 
5 negative edge of the SYS512_clk in D25 to generate the early version of the SYS128_clk, and this 
early version is then sampled in D8 using the following SYS5 12_clk positive edge to generate the 
middle version. The middle version is then sampled in D9 on the next negative edge of the 
SYS512_clk to generate the late version. 



10 generates a reset signal RESETJSYNC designed to place the synchronizer 25 into a known state. 
An example of the reset signal is shown in the FIG. 12 timing diagram. The circuit 152 includes 
J| flip-flops D27 and D28 and inverter 1 70- 1 interconnected as shown. The RESET_SYNC signal is 
W applied to one input of each of the two-input OR gates 1 60- 1 , 1 60-2 and 1 60-3 in the sets of circuitry 
104, 106 and 108, respectively. The circuit 154 comprises a shift register formed from flip-flops 
J Kl 5 D29, D30 and D31, two-input OR gates 160-4, 160-5 and 160-6, inverters 170-2 and 170-3, and 
W buffers 172-1 and 172-2. The shift register is operative to prevent the output of the decision logic 
Q block 110 from producing a change in the state of the multiplexers 120-1 through 1 20-4, for a period 
jjf of three cycles of the early version of the SYS128_clk, in the presence of a transition or error 
Uj attributable to metastability. 

^20 The decision logic block 1 10 in this embodiment includes a three-input AND gate 175, a 

three-input OR gate 1 76, a two-input AND gate 1 80, and amultiplexer 1 82 interconnected as shown. 
The one-bit counter 1 1 4 in this embodiment includes a two-input XOR gate 1 84- 1 , a two-input OR 
gate 160-7, and a flip-flop D32 interconnected as shown. 



25 flip-flops D33 and D34, inverter 170-4, buffers 172-3 and 172-4, and two-input XOR gate 184-2. 
Other circuitry associated with the generation of one or more of the clock signals used in the FIG. 
11 embodiment includes inverters 170-5 through 170-14 and buffers 172-5 through 172-10. The 
synchronizer 25 also includes buffers 172-1 1, 172-12 and 172-13 coupled between the outputs of 
multiplexers 120-2, 120-3 and 120-4 and the corresponding inputs of the sets of circuitry 104, 106 



The FIG. 11 embodiment also includes additional circuitry 152, 154. The circuit 152 



A master clock signal is generated in this embodiment using a circuit 190 which includes 
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and 108, respectively. The sets of circuitry 104, 106 and 108 further include inverters 170-15, 170- 
16 and 170-17 and buffers 172-14, 172-15 and 172-16, respectively, arranged as shown. 

It should be emphasized that the exemplary synchronization circuits described herein are 
intended to illustrate the operation of the invention, and therefore should not be construed as limiting 
the invention to any particular embodiment or group of embodiments. For example, although 
illustrated using flip-flops as delay elements, the invention can be implemented using any other type 
of delay elements, including fixed or adjustable delay lines, series arrangements of inverters, etc. 
In addition, although particularly well suited for use in a synchronizer circuit which ensures a desired 
phase relationship, the techniques of the invention can also be used to ensure a desired relationship 
between other signal characteristics, including, e.g., frequency and voltage amplitude. Moreover, 
embodiments of the invention can be implemented in a wide variety of different configurations to 
accommodate the needs of particular applications. These and numerous other alternative 
embodiments within the scope of the following claims will therefore be apparent to those skilled in 
the art. 
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